Breaking discrete symmetries in the effective field theory of inflation by Cannone, Dario et al.
ar
X
iv
:1
50
5.
05
77
3v
2 
 [h
ep
-th
]  
29
 M
ay
 20
15
APCTP-Pre2015-010
Breaking discrete symmetries
in the effective field theory of inflation
Dario Cannonea,b, Jinn-Ouk Gongc,d and Gianmassimo Tasinatoe
aDipartimento di Fisica e Astronomia “G. Galilei”, Universita` degli Studi di Padova,
I-35131 Padova, Italy
bINFN, Sezione di Padova, I-35131 Padova, Italy
cAsia Pacific Center for Theoretical Physics, Pohang 790-784, Korea
dDepartment of Physics, Postech, Pohang 790-784, Korea
eDepartment of Physics, Swansea University, Swansea SA2 8PP, UK
Abstract
We study the phenomenon of discrete symmetry breaking during the inflationary
epoch, using a model-independent approach based on the effective field theory of inflation.
We work in a context where both time reparameterization symmetry and spatial diffeo-
morphism invariance can be broken during inflation. We determine the leading derivative
operators in the quadratic action for fluctuations that break parity and time-reversal.
Within suitable approximations, we study their consequences for the dynamics of lin-
earized fluctuations. Both in the scalar and tensor sectors, we show that such operators
can lead to new direction-dependent phases for the modes involved. They do not affect
the power spectra, but can have consequences for higher correlation functions. Moreover,
a small quadrupole contribution to the sound speed can be generated.
1 Introduction
The inflationary paradigm [1] provides a convincing explanation for the statistical properties of
the temperature fluctuations in the cosmic microwave background (CMB) and of the distribu-
tion of galaxies on large scale in our universe. The generic predictions of the simplest models of
inflation, based on a single scalar field slowly rolling down on a potential, fit very well current
observations [2]. On the other hand, the wealth of available observational data motivates a
detailed theoretical analysis of inflationary scenarios. Indeed, more refined theoretical predic-
tions – when tested by observations – allow us to characterize more accurately the mechanism
of inflation.
The effective field theory (EFT) of inflation [3, 4] has emerged in recent years as a powerful
unifying approach for analyzing broad classes of inflationary scenarios; see [5] for a review.
After specifying general properties of the system, such as the number of available degrees of
freedom and the symmetries respected (or slightly broken) by the fields that drive inflation,
one can write a general, model-independent action governing cosmological fluctuations1. This
action is characterized by operators that can be associated with the amplitude and scale depen-
dence of the correlation functions of the curvature and tensor perturbations. Measuring such
cosmological observables can allow us to test broad classes of scenarios associated with the op-
erators that constitute the effective action for inflationary fluctuations. Moreover, a systematic
analysis of all possible operators compatible with the given symmetries can also suggest new
effects, not predicted or analyzed within the specific models studied so far, that if supported
by observations would motivate new directions for model building.
During inflation, time translation invariance is broken by the homogeneous cosmological
background. Motivated by this, most of the works on the EFT of inflation until now has focussed
on analyzing setups where the dynamics of perturbations breaks time diffeomorphisms, while
maintaining spatial diffeomorphism invariance. On the other hand, we know very little about
the nature of the fields driving the inflationary epoch. The simplest case is a single scalar field
breaking time reparameterization only. But there is also the possibility of inflationary systems
that break also spatial diffeomorphism invariance, like inflationary vector fields [7] (see e.g. [8, 9]
for review), or alternatively a set of scalar fields obeying special internal symmetries that acquire
space-dependent vacuum expectation values, as in the case of solid/elastic inflation [10, 11]
(see also [12]). Motivated by these considerations, we find interesting to exploit the EFT of
inflation to explore more general options than those studied so far, also considering the effects
of slightly broken spatial diffeomorphism invariance. Such effective description, as we will see,
also allows one to describe systems where spatial anisotropies can be generated during inflation,
avoiding Wald’s no-hair theorem [13]. The power of EFT is that we do not need to commit on
specific models to develop our arguments, that are based on general properties of the action
of perturbations, and that allow us to explore generic cosmological consequences of systems
that break all diffeomorphisms during inflation. The aim is to identify in a model-independent
way novel operators that can lead to new effects associated with inflationary observables, as
non-standard correlations among inflationary perturbations.
The analysis of such systems was started in [14] – building on the results of [10, 15] – where
it has been shown that, when spatial diffeomorphism invariance is broken, the EFT of inflation
1There is another, top-down EFT which results from integrating out heavy degrees of freedom given a mother
theory [6].
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allows for operators that modify the usual dispersion relations in the scalar and tensor sectors.
They can lead to blue spectrum in the tensor sector, and can induce non-vanishing anisotropic
stress in the scalar sector that violates the conservation of the curvature perturbation on large
scales. See also [16].
In this article we instead focus on the interesting class of operators that break discrete sym-
metries during inflation. In particular, using the EFT of inflation, we consider the consequences
of the leading operators that break discrete symmetries as parity and time-reversal during this
epoch. Unless discrete symmetries are imposed by hand on the theory under consideration,
such operators will normally be generated by inflationary dynamics or renormalization effects:
hence it is interesting to explore their consequences. Parity-violating interactions have been
studied in great detail for their consequences in the CMB, starting with [17]. These operators
can be associated with the amplification of the amplitude of one of the circular polarization
of tensor modes around horizon crossing, leading to distinctive effects associated with TB and
EB cross correlations in the CMB [18]. Moreover, parity-violating operators can also affect the
scalar sector, leading to statistical anisotropies in the bispectrum, or also explain anomalies in
the CMB. The realization of models leading to parity violation during inflation and their ob-
servational consequences have been motivated by, for example, pseudoscalars coupled to gauge
fields [19] or Chern-Simons modifications of gravity [20]. See e.g. [21] for a selection of papers
discussing both theoretical and observational aspects of parity violation during inflation.
To the best of our knowledge, there are no studies on the consequences of operators that con-
tain a single derivative of time coordinate: in absence of better name, we say that these opera-
tors break time-reversal symmetry during inflation. In this article, using the model-independent
language of the EFT of inflation, we study selected operators that break the aforementioned
discrete symmetries, and their effects for the dynamics of linearized perturbations around a
homogeneous and isotropic Friedmann-Robertson-Walker (FRW) universe. Both in the scalar
and tensor sectors, we show that such operators can lead to new direction-dependent phases for
the fluctuations, and moreover a small quadrupole contribution to the effective sound speed. A
direction-dependent phase does not affect the power spectrum, but can have consequences for
higher correlation functions.
We start in Section 2 describing the system that we consider, and on how to describe
breaking of spatial diffeomorphisms during inflation using an EFT approach. When spatial
diffeomorphisms are broken, background spatial anisotropies can be present during inflation,
both in the metric and the energy-momentum tensor (EMT). Then we establish a perturbative
scheme based on the hypothesis that such anisotropies are small, and find general conditions to
eliminate anisotropies from the background metric while maintaining anisotropies in the EMT.
In Section 3 we discuss the leading EFT operators, quadratic in perturbations, that break
discrete symmetries during inflation, and their general features. In Section 4 we discuss their
consequences for the dynamics of fluctuations at the level of linearized equations of motion. In
Section 5 we present our conclusions, followed by three technical appendices.
2 System under consideration
We use an EFT approach to inflation in a setup that does not necessarily preserve spatial
diffeomorphism invariance. Such a scenario can be realized if the fields that drive inflation
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acquire vacuum expectation values (vevs) characterized by spatially non-trivial profiles. This
situation can still be compatible with a good degree of spatial homogeneity and isotropy at the
background level, if the system has additional internal symmetries, or if the aforementioned
vevs are small or combine in such a special way to mostly cancel the background anisotropies.
Explicit examples of such situations are solid inflation – where scalars acquire space-dependent
vevs or models in which vector fields drive inflation – that can select preferred directions. On
the other hand, the EFT approach that we adopt allows us not to commit on a specific model
for developing our arguments.
We start discussing a generalized version of the unitary gauge condition during inflation,
that is useful for characterizing the dynamics of fluctuations. In such a gauge, all fluctuations
are limited to those in the metric. We then continue discussing the background configuration
that we adopt, using the language of EFT of inflation. We establish a perturbative scheme
that allows us to solve the equations of motion for a general anisotropic background solution,
in a setup that potentially breaks all diffeomorphisms and that can violate the hypothesis
of Wald’s no-hair theorem. Within our approximations, we then determine conditions that
allow us to establish spatial isotropy and homogeneity in the metric. On the other hand the
EMT can contain fields that select a preferred spatial direction, and this will be important for
characterizing operators that break discrete symmetries.
2.1 Unitary gauge condition with broken space-time diffeomorphisms
We start discussing a generalized version of single field inflation condition, in a context where
time and spatial diffeomorphisms can be simultaneously broken. A diffeomorphism transfor-
mation acts on the coordinates of space-time as
xµ → xµ + ξµ(t, x) (1)
for an arbitrary function ξµ = (ξ0, ξi). In conformally flat space-time, the function ξi can be
decomposed into a transverse vector and a longitudinal scalar as ξi = ξiT + ∂
iξL with ∂iξ
i
T = 0.
Inflation corresponds to a period of quasi-de Sitter expansion of the universe. Usually, the
source driving inflation breaks the time reparameterization invariance. For example, in models
where a single scalar field φ(t, x) = φ0(t) + δφ(t, x) drives inflation, the time diffeomorphism
acts non-linearly on the inflaton perturbation:
δφ→ δφ− φ˙0ξ0 . (2)
Since the scalar perturbation transforms non-trivially under diffeomorphisms, it is not gauge
invariant. A gauge invariant quantity can be formed by combining it with metric perturbations
that transform under time reparameterization. A gauge can then be selected – the so-called
unitary gauge – where δφ = 0 and all dynamical degrees of freedom are stored in the metric
perturbations. In this gauge, the effective Lagrangian for fluctuations contains metric pertur-
bations only, that break explicitly time reparameterization, and leave spatial diffeomorphisms
unbroken. See [3] for details. Such a scenario is generally called “single-field” inflation since
there is a unique field driving the inflationary expansion, and its background value can be
unambiguously used as inflationary clock.
However, we do not really know what was occurring during inflation, and it could very well
be that the system of fields driving inflation was richer than a single scalar field, as explained
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in Section 1. To be more general, we consider the case for inflation driven by a set of fields,
which we collect within a four-vector Ψµ. We can consider a case where the background values
Ψ¯µ depends not only on time, but they are allowed to depend also on the spatial coordinates.
The perturbation δΨµ transforms under the full diffeomorphism transformation (1) as
δΨµ → δΨµ − Ψ¯µ, νξν . (3)
We assume that the background value Ψ¯µ has a suitable profile so that – by choosing appro-
priately the gauge function ξµ – a gauge can be selected, where all field perturbations can be
consistently set to zero: δΨµ = 0. In this gauge the propagating degrees of freedom are limited
to the metric fluctuations only. This will constitute the generalized unitary gauge field condition
for the setup of fields we consider in this article. A special case of such condition, for broken
spatial diffeomorphisms only was discussed in [10]. Our gauge condition generically breaks
time as well as spatial diffeomorphism invariance: the resulting action for metric fluctuations
consequently breaks all diffeomorphisms2. Notice that our generalized single field condition
does not imply that inflation is driven by a single background field, and perturbations are not
necessarily adiabatic, and anisotropic stress can arise. This has been discussed in the explicit
realization in [10, 14].
2.2 Background system
If spatial diffeomorphisms are broken, in the absence of specific symmetries we can expect at
least a small degree of background anisotropy during inflation. This can be induced by direction-
dependent components of the EMT. On the other hand, we can impose specific conditions, for
example associated with symmetries, that reduce or cancel the background anisotropies. In
this section, we first start discussing the general case in which a small degree of background
anisotropy is admitted in the metric and in the EMT. We adopt a perturbative scheme that
allows us to carry on our calculations in a straightforward way, and make manifest how to
evade Wald’s no-hair theorem [13] within an EFT approach. Then we discuss an example of
conditions that allows us to remove the background anisotropies, yet maintaining direction-
dependent profiles for the fields constituting the background EMT. Hence the system still
maintains interesting features associated with broken spatial diffeomorphisms, that will become
important in the next section when discussing quadratic fluctuations and operators that break
discrete symmetries.
During inflation we consider a background metric that is decomposed as homogeneous FRW
and anisotropic parts, denoted by g¯
(0)
µν and g¯
(a)
µν respectively, as
g¯µν = g¯
(0)
µν + g¯
(a)
µν = a
2(η)
(−1
δij
)
+ a2(η)
(
βi
βi χij
)
, (4)
where βi and χij are transverse and traceless. We assume from now on that βi and χij are
small: |βi| ≪ 1 and |χij| ≪ 1. Hence we consider their contributions only at linearized order in
2This generalized single field condition, among other things, implies that interaction among the Goldstone
bosons of the broken diffeomorphism invariance can be constrained by non-linearly realized symmetries. The
latter will lead to consistency conditions for correlation functions that generalize the ones found in the “standard”
case where only time diffeomorphisms are broken. This interesting subject will be developed elsewhere.
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our analysis. In other words, we develop a perturbative scheme in terms of the small quantities
parameterizing the background anisotropy in the metric and (as we shall see in a moment) in the
EMT. We stress that (4) is our background metric. On top of it, we will include inhomogeneous
perturbations in the next sections.
We now consider a background EMT that is able to support our small deformation (4)
of a FRW background metric. For this aim, we start introducing the following anisotropy
parameters that will enter in the EMT:
- A vector θi, selecting a preferred spatial direction.
- A shear σij , a symmetric, traceless tensor.
To be consistent with the fact that the magnitudes of the anisotropic metric components βi and
χij are small, we assume both these anisotropic parameters θi and σij to be small, and treat
them at linearized order in our discussion. We can think of these objects as vevs of some fields,
and in realistic cosmological situations at least a mild coordinate dependence is expected. Since
we are implementing an EFT approach to describe inflationary fluctuations, we do not need to
specify an underlying theory that provides such quantities, and the equations of motion for the
fields associated with them. This since by hypothesis the perturbations of EMT can be set zero
by an unitary gauge choice, and do not influence the dynamics of the metric perturbations on
which we are focusing our attention. We only need to ensure that the EMT constructed using
these quantities satisfies the Einstein equations, order by order in a perturbative expansion in
the fluctuations.
In the spirit of the EFT of inflation, the matter action that controls the background EMT
breaks both time and space reparametrization invariance, and it is then written as
Sm = −
∫
d4x
√−g [Λ(η) + c1(η)g00 + c2(η)δijgij + d1(η)θig0i + d2(η)σijgij] . (5)
Notice the presence of terms depending on gij and g0i, that are absent in the EFT standard
where spatial diffeomorphisms are preserved. Since the degree of anisotropy is assumed to be
small, in what follows we only consider contributions at most linear in θi and σij , and in the
metric deformations βi and χij . Moreover, we neglect the possible spatial dependence of the
coefficients in the previous action. The background EMT associated with the action (5) is
Tµν = − 2√−g
δSm
δgµν
. (6)
Combined with the Einstein tensor Gµν – which can be constructed straightforwardly from (4)
– the Einstein equations impose the following relations to be satisfied at the background level,
in a linearized expansion for the anisotropy parameters (from now on we set the Planck mass
MP l = 1):
3H2 = c1 + 3c2 + a2Λ , (7)
H2 −H′ = c1 + c2 , (8)
d1θi = c2βi , (9)
2d2σij = Hχ′ij +
1
2
χ′′ij + 2c1χij . (10)
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So we learn that in our linearized approximation the background quantity βi in the metric is
controlled by d1 and the vector θi, while χij is controlled by d2 and the shear σij . A config-
uration that solves these equations can lead to a solution with a small degree of anisotropy
in the background during a quasi-de Sitter inflationary stage. By choosing appropriately the
anisotropic parameters θi and σij such a configuration can avoid Wald’s no-hair theorem [13]
and lead to anisotropic inflation, as we discuss in Appendix A using the language of the EFT
of inflation.
Hence, as a matter of principle, our approach based on the EFT can accommodate a model-
independent analysis of inflationary models with anisotropic backgrounds (see e.g. [22] for
specific models with these properties).
On the other hand, the general analysis of such system can be very cumbersome, due to
several new operators that can contribute. For the rest of this article, we make some additional
simplifying assumptions to remove the background anisotropies and facilitate as much as we
can our analysis of fluctuations, yet covering some relevant features that are distinctive of our
system with broken spatial diffeomorphism invariance. Our requirements are as follows:
1. We impose a residual symmetry [23],
xi → xi + ξi(t) (11)
for an arbitrary time-dependent function ξi. Notice that this symmetry invariance is less
restrictive than spatial diffeomorphism, see (1). In our context, this residual symmetry is
quite powerful. Since the 0i component of the metric perturbation transforms non-trivially
under this symmetry (see next section), this symmetry eliminates it from our action, if
there are no spatial derivatives acting on it. This requires to choose the parameter d1 = 0
in the action (5), and consequently (9) tells us that the metric anisotropic parameter βi
vanishes:
βi = 0 . (12)
2. In addition, from now on we set the shear equal to zero,
σij = 0 , (13)
and focus on the effects of the vector θi only. Setting the shear to zero implies a vanishing
source in (10) for the background anisotropic tensor χij. For simplicity, in what follows
we choose the solution corresponding to the configuration,
χij = 0 . (14)
After imposing these two requirements we obtain an isotropic and homogeneous FRW back-
ground metric. However, the anisotropic parameter θi contributing to the background EMT
can be non-vanishing, and as we shall see next it can play an important role to characterize
quadratic operators that break discrete symmetries, in the quadratic action for perturbations.
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3 Quadratic operators that break discrete symmetries
In this section we discuss how to build a quadratic Lagrangian for the metric fluctuations in our
setup. We mainly concentrate on operators that break discrete symmetries during inflation.
We work within the generalized unitary gauge context explained in Section 2.1, and consider
an homogeneous and isotropic background. The operators that we consider in this section are
a selection chosen for the most notable phenomenological consequences. We stress that higher
derivative symmetry breaking operators – even preserving spatial diffeomorphisms – can also be
included, but ours are the leading ones in a derivative expansion given our symmetry choices.
We make use of the background vector θi introduced in the previous section for constructing
our quadratic operators, and we work at linearized order on this small quantity.
The linearized perturbations around our isotropic background, gµν = g¯µν +a
2(η)hµν , can be
decomposed into scalar, vector, and tensor sectors:
h00 = 2A , (15)
hi0 = Si + ∂iB , (16)
hij = 2ϕδij + 2∂i∂jE + ∂iFj + ∂jFi + γij . (17)
Under the most general diffeomorphism transformations (1), the quantities that appear in the
decomposition of hµν transform as, with β
i = σij = χij = 0 [24],
A→ A− ∂ηξ0 −Hξ0 , (18)
Si → Si − ∂ηξTi , (19)
B → B − ∂ηξL + ξ0 , (20)
ϕ→ ϕ−Hξ0 , (21)
E → E − ξL , (22)
Fi → Fi − ξTi , (23)
γij → γij . (24)
As we explained, our setup breaks both space and time diffeomorphism invariance, but we
impose invariance under the residual symmetry transformation of (11) that ensures that the
quadratic action for the metric perturbations does not contain contributions proportional to
the metric components h0i, if there are no spatial derivatives acting on them.
In Appendix B we list the new derivative operators that are allowed by the previous re-
quirements. Here, after discussing the Einstein-Hilbert action and the leading operators that
do not contain derivatives – the mass terms – we concentrate on derivative operators that break
discrete symmetries. Our derivative operators can be considered as leading derivative correc-
tions to the mass terms that break spatial diffeomorphisms and discrete symmetries in Lorentz
violating theories of massive gravity [23, 25].
7
◮ Einstein-Hilbert action and mass terms
We start with the Einstein-Hilbert action for quadratic fluctuations. Once decomposed into
scalar, vector and tensor parts, they read respectively as follows [26]:
S(s) =
∫
d4x
a2
2
[
−6 (ϕ′ −HA)2 − 2(2A+ ϕ)∇2ϕ+ 4 (ϕ′ −HA)∇2 (B − E ′)
]
, (25)
S(v) =
∫
d4xa2
[−(Si − F ′i )∇2(Si − F ′i )] , (26)
S(t) =
∫
d4x
a2
8
[
γ′ij
2 − (∇γij)2
]
. (27)
Repeated spatial indices are contracted with δij .
To this action we can include the mass operators that are allowed by our symmetries:
O(0)1 = −m21a4h2ij = −m21a4
[
12ϕ2 + 2 (∂iFj)
2 + γ2ij + 8ϕ∇2E + 4(∇2E)2
]
, (28)
O(0)2 = −m22a4h2ii = −m22a4
(
6ϕ+ 2∇2E)2 , (29)
O(0)3 = −m23a4h200 = −m23a4(4A2) , (30)
O(0)4 = −m24a4h00hii = −m24a4
(
12Aϕ+ 4A∇2E) . (31)
These are the zero-derivative [hence the superscript (0)], leading operators that break diffeo-
morphism invariance. These operators, and the ones that we meet next, already contain the
square root of the metric, and can be included as they stand into the action. For example the
operator (28) can be included in the action as
∆S
(0)
1 =
∫
d4xO(0)1 . (32)
These mass terms can lead to a non-vanishing anisotropic EMT, that among other things
does not respect the adiabaticity condition and leads to non-conservation of the curvature
perturbation on super-horizon scales. See [14] for a discussion on this point.
◮ Single-derivative operators
We now consider some novel single-derivative operators, built with or without the anisotropic
vector θi, that have the feature to break discrete symmetries in scalar and/or tensor sectors.
As discussed in the introduction, there is a rich literature on possible interactions that violate
the discrete parity symmetry, and their consequences for the CMB. The novelty of our model-
independent approach is the use of EFT for inflation in a context where spatial diffeomorphism
invariance can be explicitly broken (see also [4] for a discussion of parity violating operators
in an EFT for inflation preserving spatial diffeomorphism invariance). As we discussed, spatial
diffeomorphism invariance can be violated in inflationary systems where background fields
acquire spatial-dependent background values, as in models with vectors or in solid inflation. If
discrete symmetries are not imposed a priori, the operators that we consider can be expected to
be generated by quantum effects in such inflationary scenarios. For this reason, it is interesting
to explore them and their consequences. Here we introduce a couple of such operators, the ones
with the most notable phenomenological consequences that will be studied in the next section.
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The lowest dimensional, single derivative operator that breaks parity does not involve
anisotropic parameters and reads
O(1)1 = µ a3ǫijk (∂ihjm)hkm = µ a3ǫijk
[
(∂iγjm) γkm − ∂iFj∇2Fk
]
. (33)
It leads to parity violation in the tensor sector, since it is not invariant under the interchange
xi → −xi. µ is a mass scale we have included for dimensional reasons.
In addition, there is another interesting single-derivative operator, built with the background
vector θi, that contains a single derivative along time:
O(1)2 = µ a3ǫijkθihjmh′km
= µ a3ǫijkθi
(
γjmγ
′
km − Fm∂jγ′km − F ′m∂kγjm − Fj∇2F ′k + 2∂jF ′k∇2E + 2∂kFj∇2E ′
)
.
(34)
We can say that such an operator breaks time-reversal in the tensor sector, since the contri-
butions within the parenthesis are not invariant under a change of sign in the time direction.
Notice that in order to build it we need to use the vector θi that selects a preferred direction. Re-
cent papers discussed possible phenomenology of scenarios that contain together background
anisotropies and parity violation: see e.g. [27]. We will see that such an operator can have
interesting consequences for the dynamics of the tensor modes.
◮ Two-derivative operators
Among the possible two-derivative operators, we focus on two interesting ones that break
discrete symmetries:
O(2)1 = a2h′ijθj∂khik
= −a2θj
(
4ϕ′∂jϕ+ 2ϕ
′∇2Fj + γ′ij∇2Fi − 2ϕ∇2F ′j − 2F ′j∇4E
+ 4ϕ′∂j∇2E + 4∂jϕ∇2E ′ + 4∇2E ′∂j∇2E − F ′i∂j∇2Fi
)
, (35)
O(2)2 = a2h′ijθk∂khij
= −a2θk
(
12ϕ′∂kϕ+ γ
′
ij∂kγij
+ 4ϕ′∂k∇2E + 4∂kϕ∇2E ′ + 4∇2E ′∂k∇2E − F ′i∂k∇2Fi
)
. (36)
Notice that, considering their scalar and tensor parts, such operators are not invariant under
an (independent) interchange of spatial and of time coordinates. Hence we can say that these
operators break both parity and time-reversal, in the tensor as well as in the scalar sectors. In
the next section we will discuss their consequences.
Other single and two derivative operators that can break discrete symmetries are listed in
Appendix B.
4 Dynamics of linearized fluctuations
We now discuss some consequences of the discrete symmetry breaking operators that we pre-
sented in the previous section. We concentrate our attention to the dynamics of linearized
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fluctuations. Within our approximation of small anisotropy parameter θi, we show that vector
degrees of freedom do not propagate. Scalar degrees of freedom acquire a direction-dependent
phase. Although this phase factor does not have consequences for the scalar power spectrum,
nevertheless it might affect higher order correlators. We also show that small direction de-
pendent contributions to the sound speed can arise. At the quadratic level, the most notable
consequences occur in the tensor sector, where we find that some of our new operators lead to
a chiral amplification of gravity waves. This is more effective than the one first pointed out
in [17] discussing parity-breaking operators, because the modes can be continuously amplified
during the whole inflationary epoch.
4.1 No propagating vector modes
At linear order in the anisotropy parameter θi, we can arrange our system such that there
are no propagating vector degrees of freedom: the derivative operators of the previous section
have been selected, among other things, to ensure this condition. To see this, we include for
simplicity a single mass term, proportional to m21, as given by (28), plus a combination of
the discrete symmetry breaking operators proportional to θi that we have introduced in the
previous section. The quadratic vector Lagrangian can be expressed as
L(v) = a
2
2
[∂k (Si − F ′i ) ∂k (Si − F ′i )]− 2m21a4 (∂iFj)2 − θiFj (· · · ) , (37)
where the dots contain contributions depending on Fk or on scalar and tensor fields, that we
do not need to specify for our arguments. In the previous expression, the first part comes
from the Einstein-Hilbert term, the second from a mass term, while the third part collects
the contribution from the new derivative operators discussed in the previous section. In this
context, the vector Si appears only in the first term of (37). It can be readily integrated out,
leaving a Lagrangian identical to (37) but with the first term missing. The equation of motion
for Fi then reads
∇2Fi = θi
m21
(· · · ) , (38)
where again the dots contain contributions of the various fields involved, that we do not need to
specify. Substituting (38) into (37), we find only terms of O(θ2i ) that are negligible within our
approximation. Hence, although typically vector modes propagate in our context, at linearized
order in θi, the vector degrees of freedom are not dynamical and will be set to zero.
4.2 Direction-dependent phase in the scalar sector
Let us examine the effects of parity breaking and time-reversal operators in the scalar sector.
We consider a quadratic action built in terms of the Einstein-Hilbert contributions, mass terms,
and a linear combination of the two-derivative operators O(2)i introduced in (35) and (36). We
set the vector perturbations to zero as seen in the previous subsection. This scalar action
contains four scalar degrees of freedom: A, B, E and ϕ. Among them, A and B are non-
dynamical and can be integrated out, leaving a scalar Lagrangian for E and ϕ. We can proceed
as done in [14], further solve the equation of motion for the non-dynamical field E, and plug it
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into the action. We find at linearized order in θi a two-derivative operator for ϕ (already present
in our expressions for O(2)i ) that breaks the discrete parity and time-reversal symmetries:
L(s) ⊃ a2ϕ′θi∂iϕ . (39)
Other contributions quadratic or higher in the parameter θi can be neglected, as done in
the previous subsection for vector fluctuations. The scalar field ϕ in the unitary gauge is
the curvature perturbation R, hence its statistics can be directly connected with observable
quantities. Here however we limit our attention to understand how the operator (39) modifies
the mode function for ϕ, viz. R. We consider then the action for the canonically normalized
field u = zR with z ∝ a during quasi-de Sitter expansion:
S(s) =
∫
d4x
1
2
[
u′2 − (∇u)2 + z
′′
z
u2 + 2b1θiu
′∂iu
]
, (40)
where the last is our new term, weighted by a real coefficient b1 that for simplicity we consider
as constant. Here we do not explicitly discuss the consequence of the mass terms O(0)i . Such
contributions have been already studied for example in [14] and have been shown to lead to
anisotropic stress and non-conservation of the curvature perturbation, generalizing the results
first pointed out for solid inflation [10].
The equation of motion for the mode function uk, that follows from (40) once converted to
Fourier space, results
u′′
k
+ 2ib1θikiu
′
k
+
(
k2 − z
′′
z
)
uk = 0 . (41)
At early times the new operator proportional to b1 is subdominant, so a standard Bunch-Davies
vacuum can be unambiguously defined. It is convenient to express the mode function uk as
uk = e
−iθikib1ηu
(0)
k (42)
so that (41) becomes
u
(0)
k
′′
+
(
k2 − z
′′
z
)
u
(0)
k + k
2
(
b1θikˆi
)2
u
(0)
k = 0 , (43)
where kˆi ≡ ki/k. The last term in the previous expression is quadratic in θi, so it can be
neglected for consistency with our approximation (but see the comment at the end of this
subsection). Doing so we end with the standard evolution equation in a FRW background,
and the solution for u
(0)
k can be expressed in terms of Hankel functions. On top of this, the
complete solution for uk gains a new direction-dependent contribution to the phase proportional
to b1 as in (42). Such a configuration is only reliable at linearized order in θi, hence on large
scales, k/(aH) ≤ 1. For smaller scales, contributions that are non-linear in θi can become
large and change the solution: this fact is important when quantizing the system. Note that
the power spectrum remains isotropic because (42) is different from the standard solution by a
direction-dependent phase, which cancels when computing the power spectrum.
It is also interesting to interpret the role of this phase in coordinate space, making a Fourier
transform of (42). One finds that
u(η, xi) = u(0)(η, xi + b1 η θ
i) . (44)
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Hence its effect amounts to a time-dependent shift of the argument of the scalar mode function
in coordinate space. Such shifts cancel when taking correlation functions among scalar fluctua-
tions, due to the translational invariance of these quantities. On the other hand, they can have
non-vanishing physical effects when taking higher order correlations functions between scalar
and tensor modes, since the tensor perturbations do not necessarily share the same shifts. It
would be interesting to study this topic further.
Let us end this subsection briefly commenting on the last term in (43): as we explained
above, consistency of our approximations would require to neglect such terms, since at quadratic
order in the anisotropy parameter θi other contributions of comparable size can arise – for
example the coupled terms between scalar, vector and tensor fluctuations – that should be
taken into account. Nevertheless, such a particular term would be present, and provide a
quadrupole contribution to the scalar sound speed. It would be interesting to study its effects,
noticing also that being of positive size it increases the amplitude of the sound speed rendering
it larger than one. We leave the analysis of this topic to future work.
4.3 Chiral phase in the tensor sector
We now explore the consequences of our discrete symmetry breaking operators for the tensor
sector. We do not consider the mass terms, which were studied e.g. in [14]. We consider here
the effects of the single derivative operators O(1)1 and O(1)2 that break parity and time-reversal.
The consequences of the two-derivative operator O(2)i are, as can be read from the derivative
structure of the tensor perturbations in (36), identical to the ones discussed in the previous
section on the scalar sector, so we do not analyze them here.
The action for tensor fluctuations is
S(t) =
∫
d4x
a2
8
[
γ′ij
2 − (∇γij)2 + 2q1 µ a ǫijk (∂iγjm) γkm + 2q2 µ a ǫijkθiγjmγ′km
]
, (45)
where we have assumed the the coefficients q1 and q2 are constant dimensionless real parameters:
the condition of being real is required by our conventions on the tensor polarizations. The
equation of motion for the tensor degrees of freedom results
γ′′ij + 2Hγ′ij −∇2γij − 2q1 µ a ǫkmi∂kγmj + 2q2 µ a ǫkmiθkγ′mj + 3q2 µ aH ǫkmiθkγmj = 0 , (46)
where all indices are contracted with the Kronecker symbol δij . Now, we introduce the cir-
cular polarization tensor e
(λ)
ij (kˆ), with λ = + (−) corresponding to the right (left) circular
polarization, which satisfies the circular polarization conditions (see Appendix C):
e
(λ)
ij kj = e
(λ)
ii = 0 ,
ǫilme
(λ)
lj km = iλke
(λ)
ij ,
e
(λ)∗
ij e
(λ′)
ij = 2δλλ′ .
(47)
γij can be Fourier expanded in terms of polarization mode functions as
γij(η, x) =
∫
d3k
(2π)3
∑
λ=+,−
[
γ(λ)(η, k)e
(λ)
ij (kˆ)e
ik·x + h.c.
]
. (48)
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Then, we find the equation of motion for the mode function γ(λ), after contracting with e
(−λ)
ij ,
as
γ′′(λ) + 2Hγ′(λ) + k2γ(λ) − 2λq1 µ a kγ(λ) − 2λq2 µ a θˆγ′(λ) − 3λq2 µ aHθˆγ(λ) = 0 , (49)
where we have introduced
θˆ ≡ λ
2
e
(λ)
ij ǫlmiθle
(−λ)
mj . (50)
Let us discuss the interpretation3 of θˆ. Using (70), we learn that θˆ = λe
(λ)
i ǫlmiθle
(−λ)
m . Here
e
(λ)
i and e
(−λ)
m are two mutually orthogonal vectors, that are both orthogonal to the direction
of the three-momentum k. This implies that the cross product e
(λ)
i e
(−λ)
m ǫmil is a vector parallel
to k: contracting it with the vector θl and using (47) leads to the identity
θˆ = iθikˆi . (51)
Notice at this stage the main difference between the operators proportional to q1 and q2. The op-
erator proportional to q2 is associated with time-derivatives of the mode function γ(λ) or the scale
factor, while the operator q1 with space-derivatives. The effect of the contribution of q1 corre-
sponds to the known parity-violating operators [17], and produces an enhancement/suppression
of tensor mode polarization at horizon crossing only. Such effects are well studied in the lit-
erature (see as an example the review [8]) so we will not study them here. Let us instead
concentrate on the consequences of the novel operator O(1)2 proportional to q2. We rescale the
field γ(λ) in the standard manner as
v(λ) ≡ a√
2
γ(λ) . (52)
The equation of motion for v(λ) is then
v′′(λ) − 2iλq2µaθikˆiv′(λ) +
(
k2 − a
′′
a
− iλq2µaHθikˆi
)
v(λ) = 0 . (53)
Similar to what we did for the scalar sector, it is convenient to rescale
v(λ) ≡ eiλq2µθikˆi
∫
adηv
(0)
(λ) . (54)
The equation for v
(0)
(λ), at linear order in θi and so neglecting quadrupolar effects, reduces to the
well-known form
v
(0)
(λ)
′′
+
(
k2 − a
′′
a
)
v
(0)
(λ) = 0 . (55)
This equation is identical to the standard mode function equation for the tensor perturbations.
Furthermore, we notice that, neglecting slow-roll corrections, we can write
∫
adη =
Ne
H
, (56)
3We thank Angelo Ricciardone and Maresuke Shiraishi for pointing out this argument to us.
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with Ne being the number of e-folds, and H the value of the Hubble parameter during inflation.
So the solution for γ(λ) is given by
γ(λ) = exp
(
iλq2µθikˆi
Ne
H
)
γ
(0)
(λ) . (57)
Therefore, we again find a phase modulation of the wavefunction – like in the scalar sector –
but now the coefficient of this phase depends on the chirality of the specific gravity wave one is
considering, and on the number of e-folds as well. Such a phase does not influence the power
spectrum, since it can be read as a “chiral” translation of the modes when expressed in the
coordinate space:
γ(λ)(η, x
i) = γ
(0)
(λ)
(
η, xi − λq2µNe
H
θi
)
. (58)
A translation in the coordinates does not affect the power spectrum of the tensor modes,
since the power spectrum is translationally invariant. On the other hand, since the translation
depends on the chirality, it can affect the bispectra among tensor modes with different chirality
(as studied for example in [30]), as well as bispectra between tensor and scalar sectors. We
hope to return to investigate these topics in the near future.
5 Conclusions
The EFT of inflation has emerged in recent years as a powerful unifying approach for analyzing
broad classes of inflationary scenarios. A systematic analysis of effective operators compatible
with the symmetries assigned to a system might suggest new effects, not predicted or analyzed
within the specific models studied so far, that if supported by observations can motivate new
directions for model building.
In this article we have studied the consequences of breaking discrete symmetries during
inflation using the model-independent language of EFT. We have developed aspects of EFT
of inflation in a context where all diffeomorphisms are broken during the inflationary phase.
We have shown that this effective description allows one to describe systems where background
spatial anisotropies can be present during inflation. Moreover, we have discussed how to avoid
Wald’s no-hair theorem within the model-independent language of EFT of inflation. Then we
have focussed on studying the leading operators at the quadratic order in perturbations that
break discrete symmetries. We have identified operators that break parity and time-reversal
during inflation, and analyzed their consequences for the dynamics of linearized fluctuations.
Both in the scalar and tensor sectors, we show that such operators can lead to a new direction-
dependent phase for modes involved. Such a directional phase does not affect the power spec-
trum, but can have consequences for higher correlation functions. Moreover, a small quadrupole
contribution to the sound speed can be generated. We stress that using an EFT approach we
did not have to commit on specific models to develop our arguments, that are based on general
features of the system of fields driving inflation.
Our investigations can be further elaborated in various directions. At theoretical level, it
would be interesting to extend our model-independent approach to derive a third order action
for perturbations, and study how new discrete symmetry breaking operators and direction-
dependent effects can influence non-Gaussian observables. After analyzing novel ramifications
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of such findings, it will also be important to study actual realizations and concrete models able
to generate the new operators that break discrete symmetries in the manner studied here. At
observational level, it would be interesting to study distinctive consequences of our discrete
symmetry breaking operators for the properties of the CMB, in particular for what respect
specific correlations between T , E and B modes, at the level of two- and three-point functions.
We leave these interesting questions to future study.
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A Wald’s no-hair theorem in the EFT of inflation
In this appendix we discuss how Wald’s isotropization theorem [13] can be violated using the
language of EFT of inflation, justifying the approach developed in Section 2.2.
Wald’s theorem states that, under some hypothesis on the EMT that we will review below,
the inflationary expansion rapidly reduces the amplitude of background anisotropies to an
unobservable level. Here we show that the prerequisites behind the theorem are not necessarily
satisfied in our case. We use results and notation of Section 2.2. We can write
H′ = H2(1− ǫ) , (59)
where ǫ ≡ −a−1H ′/H2 with H = aH . Substituting this result into (8), we find that c1 + c2 =
ǫH2. Using this information, the background EMT can be decomposed as
Tµν = −Λ(η) g¯µν + T (2)µν (60)
with
T
(2)
00 = ǫH2 + 2c2 ,
T
(2)
0i =
(
ǫH2 − 2c2
)
βi ,
T
(2)
ij =
(
ǫH2 − 2c2
)
(δij + 3χij) +Hχ′ij +
1
2
χ′′ij .
(61)
Wald’s isotropization theorem states that anisotropies are rapidly suppressed during inflation
if the strong and dominant energy conditions are satisfied:
(
T (2)µν −
1
2
g¯µνT
(2)
)
tµtν ≥ 0 for all time-like vectors tµ , (62)
T (2)µν tˆ
µtˆν ≥ 0 for all future-directed, causal vectors tˆµ . (63)
Time-like vectors tµ satisfy the condition
(
t0
)2 ≥ 2βit0ti + (δij + χij) titj . (64)
In our case, the dominant energy condition reads
(
ǫH2 − 2c2
) [(
t0
)2
+ 2βit
0ti + (δij + χij) t
itj
]
+ 4c2
(
t0
)2
+ 2 (d2σij − c2χij) titj ≥ 0 . (65)
In EFT scenarios with no breaking of spatial diffeomorphisms or isotropy, c2 = 0, σij = 0
and χij = 0. The second line in the above equation would vanish, while the first line would
be positive definite, satisfying in this way the dominant energy condition (63). In our more
general setup, instead, the second line is non-vanishing, and can render the previous quantity
negative. Hence, in general the prerequisites underlying Wald’s theorem can be expected to be
violated in our context based on the EFT of inflation. Such situations can be realized in models
of inflation with vector fields [28], or solid inflation, as discussed in the recent literature, see
e.g. [29].
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B List of allowed operators
In this appendix we list new derivative operators that satisfy our requirements, besides the
ones already presented in the main text and in [14]. To avoid possible ghost pathologies, we do
not consider operators that contain time derivatives on h00 and h0i. Moreover, to satisfy the
residual symmetry (11) we consider operators containing h0i only when spatial derivatives act
on it.
Single-derivative operators
The new single-derivative operators are the following:
h0i,ih00 , h0i,ihjj , h0i,jhij , h
′
iih00 , h
′
iihjj , h
′
ijhij , ǫijkh00,ihjk ,
θihij,jh00 , θihjj,ih00 , θihij,jhkk , θihij,khjk ,
θiǫjklh0j,khil , θiǫijkh0j,khll , θiǫijkh0j,lhkl , θiǫijkh0l,jhkl .
(66)
Note that θihjj,ihkk and θihjk,ihjk are allowed but can be made as total derivatives, thus we
have omitted these operators.
Two-derivative operators
The new two-derivative operators are:
h0i,ih
′
jj , h0i,jh
′
ij , ǫjklhij,kh
′
il ,
θih00,ih
′
jj , θih00,jh
′
ij , θihij,jh
′
kk , θihij,kh
′
jk , θihjj,ih
′
kk , θihjj,kh
′
ik ,
θiǫjklh0j,kh
′
il , θiǫijkh0j,kh
′
ll , θiǫijkh0j,lh
′
kl , θiǫijkh0l,jh
′
jl .
(67)
C Circular polarization conditions
We explain in more details our conventions for the circular polarization condition for tensor
perturbations, (47) [8, 31]. The polarization vector e
(λ)
i (kˆ) perpendicular to kˆ can be written
as
e
(λ)
i (kˆ) =
θˆi(kˆ) + iλφˆi(kˆ)√
2
, (68)
with λ = ±. This vector satisfies
kie
(λ)
i = 0 ,
e
(λ)∗
i (kˆ) = e
(−λ)
i (kˆ) = e
(λ)
i (−kˆ) ,
e
(λ)∗
i e
(λ′)
i = δλλ′ ,
ǫijlkie
(λ)
j = −iλke(λ)l .
(69)
By means of such a polarization vector we can construct the polarization tensor as
e
(λ)
ij =
√
2e
(λ)
i e
(λ)
j . (70)
It is straightforward to prove (47) using (69).
17
References
[1] A. H. Guth, Phys. Rev. D 23, 347 (1981) ; A. D. Linde, Phys. Lett. B 108, 389 (1982) ;
A. Albrecht and P. J. Steinhardt, Phys. Rev. Lett. 48, 1220 (1982).
[2] P. A. R. Ade et al. [Planck Collaboration], arXiv:1502.02114 [astro-ph.CO].
[3] C. Cheung, P. Creminelli, A. L. Fitzpatrick, J. Kaplan and L. Senatore, JHEP 0803 (2008)
014 [arXiv:0709.0293 [hep-th]].
[4] S. Weinberg, Phys. Rev. D 77 (2008) 123541 [arXiv:0804.4291 [hep-th]].
[5] S. Tsujikawa, Lect. Notes Phys. 892 (2015) 97 [arXiv:1404.2684 [gr-qc]].
[6] S. Cespedes, V. Atal and G. A. Palma, JCAP 1205, 008 (2012) [arXiv:1201.4848 [hep-
th]] ; A. Achucarro, J. O. Gong, S. Hardeman, G. A. Palma and S. P. Patil, JHEP 1205,
066 (2012) [arXiv:1201.6342 [hep-th]] ; A. Achucarro, V. Atal, S. Cespedes, J. O. Gong,
G. A. Palma and S. P. Patil, Phys. Rev. D 86, 121301 (2012) [arXiv:1205.0710 [hep-th]] ;
C. P. Burgess, M. W. Horbatsch and S. P. Patil, JHEP 1301, 133 (2013) [arXiv:1209.5701
[hep-th]].
[7] A. Golovnev, V. Mukhanov and V. Vanchurin, JCAP 0806 (2008) 009 [arXiv:0802.2068
[astro-ph]].
[8] A. Maleknejad, M. M. Sheikh-Jabbari and J. Soda, Phys. Rept. 528 (2013) 161
[arXiv:1212.2921 [hep-th]].
[9] J. Soda, Class. Quant. Grav. 29 (2012) 083001 [arXiv:1201.6434 [hep-th]].
[10] S. Endlich, A. Nicolis and J. Wang, JCAP 1310 (2013) 011 [arXiv:1210.0569 [hep-th]].
[11] A. Gruzinov, Phys. Rev. D 70 (2004) 063518 [astro-ph/0404548].
[12] M. Sitwell and K. Sigurdson, Phys. Rev. D 89 (2014) 12, 123509 [arXiv:1306.5762 [astro-
ph.CO]] ; X. Chen, H. Firouzjahi, M. H. Namjoo and M. Sasaki, JCAP 1309 (2013) 012
[arXiv:1306.2901 [hep-th]].
[13] R. M. Wald, Phys. Rev. D 28 (1983) 2118.
[14] D. Cannone, G. Tasinato and D. Wands, JCAP 1501, no. 01, 029 (2015) [arXiv:1409.6568
[astro-ph.CO]].
[15] D. Blas, D. Comelli, F. Nesti and L. Pilo, Phys. Rev. D 80 (2009) 044025 [arXiv:0905.1699
[hep-th]].
[16] M. Akhshik, H. Firouzjahi and S. Jazayeri, arXiv:1501.01099 [hep-th] ; C. Lin and
L. Z. Labun, arXiv:1501.07160 [hep-th] ; C. Lin and M. Sasaki, arXiv:1504.01373 [astro-
ph.CO].
[17] A. Lue, L. M. Wang and M. Kamionkowski, Phys. Rev. Lett. 83 (1999) 1506
[astro-ph/9812088].
18
[18] M. a. Watanabe, S. Kanno and J. Soda, Mon. Not. Roy. Astron. Soc. 412, L83 (2011)
[arXiv:1011.3604 [astro-ph.CO]] ; X. Chen, R. Emami, H. Firouzjahi and Y. Wang, JCAP
1408, 027 (2014) [arXiv:1404.4083 [astro-ph.CO]].
[19] S. M. Carroll, Phys. Rev. Lett. 81 (1998) 3067 [astro-ph/9806099].
[20] R. Jackiw and S. Y. Pi, Phys. Rev. D 68 (2003) 104012 [gr-qc/0308071] ; S. Alexander
and N. Yunes, Phys. Rept. 480 (2009) 1 [arXiv:0907.2562 [hep-th]].
[21] N. F. Lepora, gr-qc/9812077 ; S. Alexander and J. Martin, Phys. Rev. D 71 (2005) 063526
[hep-th/0410230] ; D. H. Lyth, C. Quimbay and Y. Rodriguez, JHEP 0503 (2005) 016
[hep-th/0501153] ; S. H. S. Alexander, Phys. Lett. B 660 (2008) 444 [hep-th/0601034] ;
B. Feng, M. Li, J. Q. Xia, X. Chen and X. Zhang, Phys. Rev. Lett. 96 (2006) 221302
[astro-ph/0601095] ; V. A. Kostelecky and M. Mewes, Phys. Rev. Lett. 99 (2007)
011601 [astro-ph/0702379 [ASTRO-PH]] ; A. R. Pullen and M. Kamionkowski, Phys.
Rev. D 76 (2007) 103529 [arXiv:0709.1144 [astro-ph]] ; C. R. Contaldi, J. Magueijo and
L. Smolin, Phys. Rev. Lett. 101 (2008) 141101 [arXiv:0806.3082 [astro-ph]] ; T. Taka-
hashi and J. Soda, Phys. Rev. Lett. 102 (2009) 231301 [arXiv:0904.0554 [hep-th]] ;
M. M. Anber and L. Sorbo, Phys. Rev. D 81 (2010) 043534 [arXiv:0908.4089 [hep-th]] ;
V. Gluscevic and M. Kamionkowski, Phys. Rev. D 81 (2010) 123529 [arXiv:1002.1308
[astro-ph.CO]] ; M. Kamionkowski and T. Souradeep, Phys. Rev. D 83 (2011) 027301
[arXiv:1010.4304 [astro-ph.CO]] ; N. Barnaby and M. Peloso, Phys. Rev. Lett. 106 (2011)
181301 [arXiv:1011.1500 [hep-ph]] ; T. S. Koivisto and D. F. Mota, JHEP 1102 (2011) 061
[arXiv:1011.2126 [astro-ph.CO]] ; L. Sorbo, JCAP 1106 (2011) 003 [arXiv:1101.1525 [astro-
ph.CO]] ; N. Barnaby, R. Namba and M. Peloso, JCAP 1104 (2011) 009 [arXiv:1102.4333
[astro-ph.CO]] ; M. Shiraishi, D. Nitta and S. Yokoyama, Prog. Theor. Phys. 126 (2011)
937 [arXiv:1108.0175 [astro-ph.CO]] ; M. M. Anber and L. Sorbo, Phys. Rev. D 85 (2012)
123537 [arXiv:1203.5849 [astro-ph.CO]] ; N. Barnaby, J. Moxon, R. Namba, M. Peloso,
G. Shiu and P. Zhou, Phys. Rev. D 86 (2012) 103508 [arXiv:1206.6117 [astro-ph.CO]] ;
A. Wang, Q. Wu, W. Zhao and T. Zhu, Phys. Rev. D 87 (2013) 10, 103512 [arXiv:1208.5490
[astro-ph.CO]] ; M. Shiraishi, A. Ricciardone and S. Saga, JCAP 1311 (2013) 051
[arXiv:1308.6769 [astro-ph.CO]] ; J. Bielefeld and R. R. Caldwell, arXiv:1412.6104 [astro-
ph.CO].
[22] A. E. Gumrukcuoglu, C. R. Contaldi and M. Peloso, JCAP 0711 (2007) 005
[arXiv:0707.4179 [astro-ph]] ; L. Ackerman, S. M. Carroll and M. B. Wise, Phys. Rev.
D 75 (2007) 083502 [Phys. Rev. D 80 (2009) 069901] [astro-ph/0701357].
[23] S. L. Dubovsky, JHEP 0410 (2004) 076 [hep-th/0409124].
[24] H. Noh and J. c. Hwang, Phys. Rev. D 69, 104011 (2004) [astro-ph/0305123].
[25] V. A. Rubakov, hep-th/0407104 ; V. A. Rubakov and P. G. Tinyakov, Phys. Usp. 51, 759
(2008) [arXiv:0802.4379 [hep-th]].
[26] V. F. Mukhanov, H. A. Feldman and R. H. Brandenberger, Phys. Rept. 215, 203 (1992).
19
[27] K. Dimopoulos and M. Karciauskas, JHEP 1206 (2012) 040 [arXiv:1203.0230 [hep-ph]] ;
A. Maleknejad and E. Erfani, JCAP 1403 (2014) 016 [arXiv:1311.3361 [hep-th]] ; N. Bar-
tolo, S. Matarrese, M. Peloso and M. Shiraishi, JCAP01(2015)027 [arXiv:1411.2521 [astro-
ph.CO]].
[28] M. a. Watanabe, S. Kanno and J. Soda, Phys. Rev. Lett. 102 (2009) 191302
[arXiv:0902.2833 [hep-th]].
[29] A. Maleknejad and M. M. Sheikh-Jabbari, Phys. Rev. D 85 (2012) 123508 [arXiv:1203.0219
[hep-th]] ; N. Bartolo, S. Matarrese, M. Peloso and A. Ricciardone, Phys. Rev. D 87
(2013) 2, 023504 [arXiv:1210.3257 [astro-ph.CO]] ; N. Bartolo, S. Matarrese, M. Peloso
and A. Ricciardone, JCAP 1308 (2013) 022 [arXiv:1306.4160 [astro-ph.CO]].
[30] J. M. Maldacena and G. L. Pimentel, JHEP 1109 (2011) 045 [arXiv:1104.2846 [hep-th]] ;
J. Soda, H. Kodama and M. Nozawa, JHEP 1108 (2011) 067 [arXiv:1106.3228 [hep-th]].
[31] M. Shiraishi, Springer Theses (2013) ISBN:978 [arXiv:1210.2518 [astro-ph.CO]].
20
